Replication stress poses a serious threat to genome and epigenome stability. Dependent-Replication (RDR) ensures DNA synthesis resumption from arrested forks. Despite the 23 identification of chromatin restoration pathways during DNA repair processes, crosstalk coupling RDR 24 and chromatin assembly is largely unexplored. Here, we addressed the contribution of chromatin 25 assembly to replication stress in fission yeast. We expressed a mutated histone (H3-H113D) to 26 genetically impair replication-dependent chromatin assembly by destabilizing (H3-H4) 2 tetramer. We 27 established that DNA synthesis-dependent histone deposition is required for the completion of RDR. 28
Introduction 51
The maintenance of genome integrity occurs in the context of DNA packaged into chromatin. 52
Chromatin constitutes a barrier to DNA replication and repair machineries, that should be first lifted 53 and then restored behind the replication fork or once the repair event is achieved (Soria et al. 2012) . 54
Genomes are routinely exposed to a variety of DNA damages that induce profound chromatin 55 rearrangements and pose serious threat to epigenome integrity during DNA replication (Svikovic and 56 Sale 2017). Despite the recent identification of chromatin restoration pathways upon DNA repair, the 57 crosstalk and coordination between both processes, that is likely key to safeguard genome integrity, 58 remain poorly understood (Dabin et al. 2016) . 59
The basic unit of chromatin is the nucleosome which consists of 147 bp of double stranded DNA 60 wrapped around a histone octamer containing one (H3-H4) 2 tetramer and two H2A-H2B dimers 61 (Luger et al. 1997 ). During DNA replication, nucleosomes ahead of the replication fork are evicted 62 and both parental and newly synthetized histones are assembled onto newly replicated DNA through 63 a process called replication-coupled chromatin assembly. This process requires a network of 64 chromatin factors that operate sequential reactions to handle histone dynamics at ongoing forks. 65
Nucleosome assembly occurs as a stepwise process in which the (H3-H4) 2 tetramer is deposited 66 before two H2A-H2B dimers (Smith and Stillman 1991; Hatakeyama et al. 2016 ). Deposition of (H3-67 H4) 2 tetramer requires specific histone modifications and H3-H4 chaperones, such as the Chromatin 68
Assembly Factor 1, CAF-1, the Anti-Silencing Factor 1, Asf1 and Rtt106 (Burgess and Zhang 2013) . 69 CAF-1 plays a key role in nucleosome assembly coupled to DNA synthesis during DNA replication and 70 repair. It associates with the proliferating cell nuclear antigen (PCNA), the processivity factor for DNA 71 polymerases, to facilitate nucleosome deposition onto DNA in vitro (Shibahara and Stillman 1999 ; 72 Moggs et al. 2000) . CAF-1 is a tri-subunit complex in which the large subunit (human p150, S. 73 cerevisiae Cac1 and S. pombe Pcf1), scaffolds interaction with H3-H4 and DNA to allow nucleosome 74 assembly. Recent in vitro studies have elucidated how CAF-1 promotes (H3-H4) 2 Rqh1-dependent disassembly of D-loops, CAF-1 channels RDR events towards a chromosomal 120 rearrangement pathway. However, the mechanism by which CAF-1 counteracts Rqh1 activity at site 121 of replication stress is unknown. 122
Using a well-established and characterized RDR assay in fission yeast, we have found that RDR is 123 coupled to Asf1 and CAF-1-mediated histone deposition, a step necessary to RDR completion. We 124 established that RDR-coupled histone deposition prevents the disassembly of D-loops by Rqh1, a 125 crosstalk promoting cell resistance upon replication stress but channeling HR events towards 126 deleterious recombinants types. Moreover, CAF-1 is recruited at sites of DNA synthesis associated to 127 RDR in a Rad52-dependent manner, indicating that CAF-1-mediated histone deposition takes place 128 downstream from the initial step of RDR. Therefore, we demonstrate that CAF-1 counteracts Rqh1 129 activity by promoting histone deposition during the DNA repair synthesis step associated to RDR. 130
Altogether, our data reveal a novel crosstalk between DNA repair factors and chromatin re-assembly 131 which balances genome stability at site of fork-arrest. 
Results

149
Asf1 is required to complete RDR. 150 We previously reported that CAF-1 acts during the DNA synthesis step of RDR, in a way that D-loops 151 are protected from disassembly by Rqh1. Here, we asked whether Asf1 is also involved in RDR. To 152 this end, we employed a previously described site-specific fork arrest assay in which replication of a 153 specific genomic locus is dependent on HR (Lambert et al. 2010 ). The assay consists of a polar 154
Replication Fork Barrier (RFB), called RTS1, integrated as inverted repeats at both sides of the ura4 + 155 gene, abbreviated as the t>ura4<ori locus ( Figure 1A ). Upon activation of the RFB, the binding of 156 Rad51 and its Rad52 loader allows blocked forks to be restarted to overcome the RFB. Occasionally, 157
Rad51 promotes newly replicated strands to switch template and invades the opposite RTS1 158 sequence to form a D-loop which primes the restarted DNA synthesis on a non-contiguous DNA 159
template. This faulty restart pathway results in the formation of stable joint-molecules (JMs), 160 referred to as D-loop and Holliday junction-like intermediates, whose resolution generates at least 161 two RDR products: an acentric and a dicentric chromosome (Pietrobon et al. 2014 ). The formation of 162 acentric and dicentric is strictly dependent on Rad52 and serves as a marker for RDR completion 163 (Lambert et al. 2010) . 164 We applied the RDR assay to a thermo-sensitive allele of the essential asf1 gene, asf1-33, which was 165 reported to be defective for H3 deposition at restrictive temperature (36°C, (Tanae et al. 2012) ). Cells 166 were cultured at semi-permissive temperature (32°C) at which asf1-33 mutated cells exhibit 167 sensitivity to methyl methane sulfonate (MMS, an alkylated DNA agent that impedes replication fork 168 progression) and a reduced Asf1-H3 interaction ( Figure S1A-B) . Chromosome analysis by Pulsed Field 169
Gel Electrophoresis (PFGE) coupled with Southern-blot hybridization showed that the amount of 170 acentric fragment, a RDR product, was reduced in asf1-33 cells, as well as in a mutant lacking CAF-1 171 (i.e. in pcf1 deleted cells), indicating that Asf1 promotes RDR ( Figure 1B-C) . The analysis of replication 172 intermediates by two-dimensional gel electrophoresis (2DGE) showed that signals corresponding to 173 arrested forks were similar in all analyzed strains, indicating that defect in RDR is not a consequence 174 of a less efficient RFB activity in strains lacking CAF-1 or Asf1. We observed that JMs intensity was 175 similarly reduced in asf1-33 and pcf1-d mutants ( Figure 1D) , showing that Asf1 preserves JMs during 176
In S. pombe cells, 3 genes (hht1, hht2 and hht3) encode a single histone H3 protein. The H113D 214 mutation was introduced in the hht2 gene and the resulting H3-H113D expressing cells were viable 215 with no apparent growth defect ( Figure 2C ). The deletion of hht1 and hht3 is viable (hht1-d hht3-d) 216
and cells maintain histone H3 protein levels similar to those in wt strain (Yadav et al. 2017) . To obtain 217 a strain expressing only H3-H113D, the hht2-H113D mutated strain was crossed with an hht1-d hht3-218 d strain. We found that combining the hht2-H113D mutation with both deletions resulted in a 219 synthetic lethality ( Figure 2C ). Thus, when H3-H113D is the sole cellular histone H3 expressed, cells 220
are not viable, in agreement with the hypothesis that this mutation inhibits (H3-H4) 2 tetramer 221 formation. Still, we observed that combining hht2-H113D with either single htt1 or hht3 deletion 222 preserves cell viability but causes a severe synthetic growth defect ( Figure 2C ). This strongly suggests 223 that wt H3 is abundant enough to allow wt (H3-H4) 2 tetramer to be formed and to preserve cell 224 viability. 225
We probed H3-H113D associations with histones H3 and H4 in hht2-H113D mutated cells (hht1
+ ). Although, the protein level of H3-H113D-HA (an HA tagged version of the mutated histone) 227 was lower than the one of wt H3-HA ( Figure 2D and S2C), immuno-precipitation experiments from 228 total protein extracts clearly showed that H3-H113D-HA association with wt H3 and H4 were severely 229 reduced, compared to H3-HA ( Figure 2D -E). These data indicate that mixed (H3-H113D-H4-H3-H4) 230 tetramers are highly unstable. We asked if H3-H113D is incorporated into chromatin using chromatin 231 fraction assay. As expected, the wt H3-HA was found to be chromatin-bound whereas H3-H113D-HA 232 was not detected in the chromatin fraction, indicating that this mutated histone is very poorly 233 incorporated into nucleosomes assembled onto DNA ( Figure 2F ). Wt H3 (expressed from hht1 and 234 hht3 gene) was equally detected in the chromatin fraction of hht2-HA and hht2-H113D-HA cells, 235
indicating that wt H3 is in fine incorporated within wt nucleosomes in H3-H113D expressing cells. 236
Altogether, our data indicate that in hht2-H113D mutated cells, H3-H113D inhibits stable tetramer 237 formation and is therefore not deposited onto chromatin, while wt (H3-H4) 2 tetramers are formed 238 and assembled onto chromatin. 239
H3-H113D impairs replication-coupled nucleosome assembly 240
H3-H113D inhibits tetramers formation and is not deposited onto chromatin. We thus investigated 241 its consequences on replication-coupled chromatin assembly pathways. Asf1-Myc associated with wt 242 H3 and H3-HA but not with H3-H113D-HA ( Figure 3A and S3A), arguing that the histone chaperone 243 function of Asf1 is preserved in hht2-H113D mutated cells. We found that H3-H113D-HA binds to 244
Pcf1-YFP, without preventing Pcf1-YFP to associate with Pcf2-MYC (the second CAF-1 subunit), PCNA 245 and wt H3; these protein-protein interactions being necessary for optimal CAF-1-mediated histone 246 deposition ( Figure 3A and S3B-C). We concluded that in hht2-H113D mutated cells, CAF-1 forms 247 complexes with H3, H3-H113D, and PCNA. Because H3-H113D inhibits tetramer formation and that 248 tetramerization is necessary to CAF-1 mediated histone deposition in vitro (Sauer et unaffected when inhibiting (H3-H4) 2 tetramer formation and deposition. We concluded that H3-270 H113D mutation impairs replication-coupled histone deposition to an extent at least similar to a CAF-271 1 defect. Although other histone deposition pathways might be affected, our data are consistent with 272 the fact that in H3-H113D expressing cells, the CAF-1-mediated chromatin assembly pathway is 273 impaired. 274
Histone deposition acts in RDR to prevents D-loop disassembly 275
The H3-H113D offers the possibility to question the role of replication-coupled chromatin assembly 276 during RDR. We thus applied the RDR assay to hht2-H113D mutated cells and found that JMs Crosstalk between Rqh1 and RDR-coupled histone deposition promotes resistance to replication 291 stress 292
We reported that genetic interactions between CAF-1 and Rqh1 promote survival to various 293 replication-blocking agents. We observed that H3-H113D mutation increased the cell sensitivity of 294
rqh1-d deleted cells to MMS and campthotecin (CPT, a topoisomerase I inhibitor), thus mimicking 295
CAF-1 defect ( Figure 4D ). This was not a consequence of a loss of Rqh1-Pcf1 interaction as Rqh1-MYC 296 associated with Pcf1-YFP in hht2-H113D mutated cells ( Figure S3C ). Also, MMS treatment did not 297 stimulate chromatin-bound H3-H113D-HA, suggesting that unstable tetramers are unlikely to be 298 assembled during repair synthesis ( Figure 2F ). Altogether, our data indicate that the antagonistic 299 activities of CAF-1-mediated histone deposition and Rqh1 in JMs resolution during RDR contribute to 300 cell resistance to replication stress. 301
RDR-coupled histone deposition favors deletion type recombinant 302
Our data reveal antagonistic roles of RDR-coupled histone deposition and Rqh1 in JMs resolution. We 303 investigated the consequences of this crosstalk on HR outcomes, by monitoring spontaneous HR 304 events using an assay for intra-allelic recombination between direct ade6 ( Figure 5A ) (Hartsuiker et 305 al. 2001 ). Gene conversion (GC) and synthesis dependent strand annealing (SDSA) result in 306 conversion type, whereas crossover (CO) and single strand annealing (SSA, a DNA repair pathway 307 independent of Rad51-mediated strand exchange) give rise to deletion type. In rqh1-d cells, 308 conversion and deletion events were increased by 2-and 3-fold, respectively, which is consistent 309 with known Rqh1 anti-recombinase activity ( Figure 5B) (Doe et al. 2000) . The H3-H113D mutation 310 had little impact on HR outcomes but when combined with rqh1-d, it partially rescued the deletion 311 rate, and suppressed bias towards deletion type. These data are consistent with antagonistic 312 activities of Rqh1 and histone deposition in controlling HR outcomes: Rqh1 promotes D-loopdisassembly to channel HR event towards a conservative pathway whereas histone deposition favors 314 D-loop stability to channel HR event towards deletion events such as CO. 315
H3K56Ac is dispensable to RDR 316
The H3K56Ac modification marks newly synthetized histone and was proposed to regulate 317 nucleosome assembly and to contribute to the DNA damage response ). Hence 318 the importance of acetylation in addition to histone deposition has to be considered. We found that 319 in contrast to wt H3 which was efficiently acetylated by Rtt109 in hht2-H113D cells, H3-H113D that is 320 unable to associate with Asf1-MYC ( Figure 3A ) lost the H3K56Ac mark ( Figure S5A ). We thus tested 321 the role of H3K56Ac in RDR. We analyzed two strains: one expressing a single H3 protein which 322 cannot be acetylated on K56 (hht1-d hht3-d hht2-K56R ) and a rtt109 deleted strain. Consistent with 323 previous reports (Xhemalce et al. 2007 ), both strains were defective for H3K56Ac ( Figure S5B ) and 324
were proficient for the formation of acentric chromosome, a RDR product ( Figure S5C-D) . Thus, 325
H3K56Ac is dispensable to RDR completion. Fork-obstacles open up the risk of genome and epigenome instability. We have established that RDR, 381 a major fork-restart pathway, is coupled to histone deposition, mediated by the chromatin assembly 382 factors CAF-1 and Asf1 (Figure 7) . We made the surprising finding that histone deposition coupled to 383 restarted DNA synthesis impacts the subsequent resolution of JMs at site of fork arrest, and as a 384 consequence favors the channeling of RDR events towards a chromosomal rearrangement pathway. 385
We reveal a novel crosstalk between chromatin restoration and a DNA repair pathway which is 386 required to balance genome stability at arrested forks and to cell survival upon replication stress. 387 Also, our finding highlight that chromatin restoration is entirely part of the RDR process. We 388 proposed a scenario in which histone deposition plays an active role in RDR to avoid discontinuity in 389 chromatin assembly upon replication stress, a benefit counterbalanced by stabilizing at-risk joint 390 molecules for genome stability. Possibly, Asf1 is required for RDR by acting as a donor histone to CAF-1. However, H3-H113D binds to 440 CAF-1, likely as a H3-H4 dimer, but not to Asf1, indicating that, during RDR-coupled histone 441 deposition, H3-H4 can be handed off to CAF-1 independently of Asf1, a pathway that remains to be 442
clarified. 443
Nucleosome deposition onto extended D-loops may impose topological constraints. D-loops 444 disassembly is a topoisomerase-mediated mechanism (Fasching et al. 2015) . Thus, topologicalconstraints resulted from DNA wrapped around nucleosome may be easily relieved by 446 topoisomerase 3. When seeking for additional chromatin factors required for RDR, we found Nap1 447 and Nap2, two histone H2A-H2B chaperones, to be dispensable to protect D-loops. This suggests that 448 the deposition of (H3-H4) 2 tetramer, but not the formation of a nucleosome, is sufficient by itself to 449 counteract Rqh1 activity and to limit topological constraints. on the maintenance of histone deposition coupled to restarted forks. Our data indicate that RDR, a 477 main pathway to bypass fork obstacles, is coupled to histone deposition with D-loops offering the 478 possibility to prime repair synthesis-coupled histone deposition. In the view that replisomes are 479 often interrupted by numerous obstacles, RDR-coupled histone deposition contributes to cell 480 resistance to replication stress and may ensure continuity in assembling chromatin upon replication 481 stress. 482
Concluding remarks 483
We propose here that histone deposition coupled to RDR comes at the expense of stabilizing JMs 484 which can be detrimental to genome stability. Overexpression of Asf1b, one isoform of human Asf1, 485 and CAF-1 was found to be associated with poor prognosis in various cancer types (Polo et immunoprecipitates were successively washed with 2x1ml lysis buffer, 2x1ml lysis buffer/500mM 560 NaCl, 2x1ml wash buffer (10mM Tris-HCl pH8, 0.25M LiCl, 0.5% NP-40, 0.5% sodium deoxycholate, 561 1mM EDTA) and 1ml TE buffer (10mM Tris-HCl, 1mM EDTA pH8). Crosslink was reversed by 562 incubating the samples at 65°C overnight. Samples were then treated with 0.5mg/ml Proteinase K 563 (Euromedex, EU0090) and DNA was purified using Qiagen PCR purification kit and eluted in 100l of 564 water. The relative amount of DNA was quantified by qPCR (primers are listed in supplementary 565 Table 2 ). Pcf1-YFP enrichment was normalized to an internal control locus (ade6). 566
Pulse-Field Gel Electrophoresis. 567 PFGE were performed as described in (Lambert et al. 2010 ). Membranes were then incubated with a 568 32 P radiolabeled rng3 probe. Quantification of acentric chromosomes visualized by PFGE was 569 performed as described in (Pietrobon et al. 2014) . 570
Microccocal digestion and BrdU incorporation 571
Microccocal digestions were performed as described in (Pai et al. 2014 ). After crosslink with 1% 572 formaldehyde, 1.10 9 Cells were spheroplasted in 2ml of CES buffer (50mM Citric acid/50mM 573 Na2HPO 4 pH 5.6, 40mM EDTA pH8, 1.2M Sorbitol, 20mM β-mercaptoethanol) containing 1 mg/ml 574 Zymolyase 100T (Amsbio, 120493-1) for 20min at 30°C. Spheroplasts were washed twice with 1ml of 575 iced cold 1.2M Sorbitol buffer. Cells were resuspended in 1ml of NP-S buffer (1.2M Sorbitol; 10mM 576
CaCl 2 , 100mM NaCl, 1mM EDTA pH8, 14mM β -mercaptoethanol, 50mM Tris-HCl pH8, 0.075% NP-40, 577 5mM spermidine, 0.1mM PMSF, Complete Protease Inhibitor EDTA-Free Tablet (Roche, 04 693 159 578 001)) containing the indicated units of Micrococcal Nuclease (Worthington Biochemical, LS004798) 579
for 10 min at 37°C. Reactions were stopped by addition of 50mM EDTA pH8 and SDS 0,2%. 580
Crosslinking was reversed overnight at 65°C in the presence of 20µg of RNAseA (Sigma, R5503) and 581 0.2mg/ml Proteinase K (Euromedex, EU0090). DNA was purified by phenol/chloroform extraction 582 and ethanol precipitation. Purified DNA was resolved on 1.5% agarose gel (1X TBE). 583
For BrdU incorporation, we used cells expressing Drosophila melanogaster deoxyribonucleoside 584 kinase (DmdNK) under the control of the fission yeast adh promoter, together with the human 585 equilibrative nucleoside transporter (hENT1) (adh-dmdNK-adh-hENT1) (Fleck et al. 2017 ). Cells were 586 arrested 4 hours with 40mM HU (Sigma, H8627) and released in fresh media containing BrdU (Sigma, 587 B5002) for 20min. After MNase digestion, DNA was analyzed by Southern-blot using anti BrdU 588 antibody (1/4000 e , Abcam, ab12219). 589
Spontaneous Recombination assay 590
Spontaneous recombination rate was assayed using strains containing a direct repeat of two 591 nonfunctional ade6 alleles flanking a functional ura4 gene (Hartsuiker et al. 2001 ). Strains were kept 592 on low adenine EMM plates lacking uracil to prevent selection for Ade + and Ura -recombinants. Dark 593 pink colonies were streaked on supplemented YE plates and at least 11 independent single colonies 594 for each strain were used to calculate Ade+ recombinant rate. Appropriate dilutions were plated on 595 supplemented YE plates (to determine cell survival), EMM plates lacking adenine (to score 596 spontaneous recombination rate, Ade+ recombinants) and EMM plates lacking adenine and uracil (to 597 score gene conversion rate, Ade+ Ura+ recombinants). Colonies were counted after 5-7 days of 598 incubation at 30°C.The rates of Ade+ and Ade+ Ura+ recombinant were calculated as described in 599 (Lea and Coulson 1949) . 
